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[1, 2, 3, 4] [4,5,6,7$|$














$( \frac{\partial^{2}}{\partial t^{2}}-C\mathscr{K}\nabla^{2})(\rho-\rho_{0})=\frac{\partial^{2}.T_{\dot{\iota}j}}{\partial x.\partial x_{j}}$ (2)
$\rho$ ($\rho 0$ )







(3) 2 3 1 $\rho v_{i}vj$
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$\rho=\rho_{0\text{ }}$ divv $=0$
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}$ $\sim$ $\rho_{0}\frac{\partial^{2}v_{i}v_{j}}{\partial x_{i}\partial x_{j}}$
$=$ $\rho_{0}(s_{ij}^{2}-w_{ij}^{2})$
$=$ $\rho_{0}div(\omega\cross v)+\rho_{0}\nabla^{2}(\frac{1}{2}v^{2})$ (5)
$w$
$= \frac{1}{2}(\frac{\partial v_{j}}{\partial x_{i}}+\frac{\partial v_{i}}{\partial x_{j}})$ (6)
$w_{ij}= \frac{1}{2}(\frac{\partial v_{j}}{\partial x_{i}}-\frac{\partial v_{i}}{\partial x_{j}})$ (7)
2 (5)
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}\sim-2\rho 0(\frac{\partial v_{1}}{\partial x_{1}}\frac{\partial v_{2}}{\partial x_{2}}-\frac{\partial v_{2}}{\partial x_{1}}\frac{\partial v_{1}}{\partial x_{2}})$ (8)
(5) (8) 3 2
Lighthi11 Poisson
[13]








Lighthill [3, 4, 5, 14, 15,
16] Powell Lighthill (5)
[15] Howe Powell Lighthill (
) $B$ [4, 5] $B$









$- \frac{1}{c^{2}}\frac{Dv}{Dt}\cdot\{\omega\cross v-TgradS-\sigma\}+\frac{D}{Dt}(\frac{1}{c^{2}}T\frac{DS}{..Dt})+\frac{\partial}{\partial t}(\frac{1}{\%}\frac{DS}{Dt})$
$+ \frac{1}{c^{2}}\frac{D}{Dt}(v\cdot$ ni $- \frac{1}{c^{2}}\frac{\partial v}{\partial t}$ . $\sigma$ (13)
% $c_{p}=T(^{\partial S}ff)_{p}$ $c$ $p^{1}=(\ovalbox{\tt\small REJECT}^{\partial})_{S}$ $\sigma$
$\sigma_{i}=(1/\rho)\partial\sigma_{ij}/\partial_{Xj}$
Mach Reynolds (13)
$( \frac{1}{c_{o}^{2}}\frac{\partial^{2}}{\partial t^{2}}-\nabla^{2})B\sim div(\omega\cross v)$ (14)
$B$ (12)
$c_{0t}^{-2_{\frac{\partial}{\partial}T}^{2}}v^{2}/2$
$\frac{1}{\rho c_{o}^{2}}\frac{\partial^{2}}{\partial t^{2}}p-\nabla^{2}B\sim div(\omega\cross v)$ (15)
(12) (15) (4) $(5)$ Lighthill
(2) Lighthill Howe
(b)









LES(Large Eddy Simulation) LES
[17] OpenCFD
OpenFOAM LES 2 3
[18]
2(a) 2
( ) $d=$ lmm $l=5mm$






$T_{0}=300K$ 2 $(5\leq V\leq 30m/s)$
3 $V=10.0,15.0,20.0m/s$
$\Delta t=10^{-7}\sec$ 2 0. $05\sec$ 3 $0.02\sec$
( ) $p$ 2(b) (D) $\omega$ Lighthill
Howe $2(a)$ (A) (B) (A)
(B)
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$V$ (D) $p$ $f$ 2 3
Brown (1) 3
4 2 $V=10m/s$ (D)
2 3
$f$ $V$ 3








5: (2 $V=10m/s$ , ) (a)









6: $($ 3 $V=10m/s)$ (a) (b) (c)
(d) Lighthill







6.3 Lighthill vs. Howe






7: Lighthill Howe $($ 2 $V=10m/s)(a)$ Lighthill
(b)Howe
(b) $t$ $m|\cdot|$
8: (A) Lighthill Howe (2 $V=1$Om$/s$)







Lighthill Howe (5) (14) $\nabla^{2}v^{2}/2$
Lighthill Howe (A) (B)
Fig.8 $(a)$ (b) (A) Lighthill
$\frac{\partial^{2}v_{*}v_{j}}{\partial x_{i}\partial xj}$ Howe $div(\omega\cross v)$
(D)
Lighthill $(\sim O(10^{7}))$ Howe $(\sim O(10^{9}))$ 2
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(a) $m\epsilon$ (b)
9: (B) Lighthill Howe $($ 2 $V=10m/s)$





Howe $div(\omega\cross v)$ $\nabla^{2}v^{2}/2$
(B) Lighthm Howe


















$v_{x}=V_{0}sech^{2}(y/b)$ , $v_{y}=0$ (16)
$V_{0}$ ( ) (16) Lighthill
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}=2\rho_{0}(\frac{\partial v_{y}}{\partial x}\frac{\partial v_{x}}{\partial y}-\frac{\partial v_{x}}{\partial x}\frac{\partial v_{y}}{\partial y})=0$ (17)
Howe $=- \rho_{0}\nabla^{2}\frac{1}{2}v^{2}$ Howe
$\rho_{0}div(\omega\cross v)$ $=$ $- \rho_{0}\nabla^{2}\frac{1}{2}v^{2}=\rho 0\frac{\partial\omega_{z}v_{x}}{\partial y}$
$=$





$\hat{y}(x, t)=\frac{v_{0}}{w}\sin\omega t-\frac{v_{0}}{\omega}\cosh(\mu x)\sin\omega(t-\frac{x}{u})$ (21)
$u\sim V_{0}/2$ $\mu\sim k=\omega/u$
$(x_{L},\hat{y}(xL, t))$ $\mu x\ll 1$ $x$

















$0$ 0008 0002 0003 OW $OM$ $0M$
(c)
$n\infty)$









$0$ $P01$ Lm 0003 om $om$ OR
(d)
11: (a) (b)LighthiU (c)Howe
$(d)\rho 0\nabla^{2}v^{2}/2$
$y$
$v_{yL}= \frac{d}{dt}\hat{y}(x_{L}. t)$ $=$ $\frac{\partial}{\theta t}\hat{y}(x_{L},t)+v_{xL}\frac{\partial}{\partial x_{L}}\hat{y}(x_{L}, t)$
$=$ $v_{0}\cos\omega t+(v_{xL}/u-1)v_{0}\cosh(\mu x_{L})\cos\omega(t-xL/u)$
$- \frac{v_{xL}\mu v_{0}}{\omega}\sinh(\mu x_{L})\sin\omega(t-x_{L}/u)$ (23)
(16)
divv $=0$
$v_{x}=f((y-\hat{y}(x, t))/b)=V_{0}sech^{2}((y-\hat{y}(x, t))/b)$ (24)
$v_{y}= \frac{\partial}{\partial t}\hat{y}(x, t)+v_{x}\frac{\partial}{\partial x}\hat{y}(x, t)$ (25)
Lighthill
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}$ $=$ 2 $( \frac{\partial v_{y}}{\partial x}\frac{\partial v_{x}}{\partial y}-\frac{\partial v_{x}}{\partial x}\frac{\partial v_{y}}{\partial y})$
$=$ $2 \rho 0\frac{\partial v_{x}}{\partial y}(\frac{\partial^{2}}{\partial t\partial x}\hat{y}(x, t)+v_{x}\frac{\partial^{2}}{\partial x^{2}}\hat{y}(x, t))$
$\sim$ $-4 \frac{\rho_{0}\mu v_{0}}{b}(4v_{x}-V_{0})\frac{\sinh((y-\hat{y}(x,t))/b)}{\cosh^{3}((y-\hat{y}(x,t))/b)}\sinh\mu x\cos\omega(t-\frac{x}{u})$
$\sim$ $O(2^{4}\omega v_{0}/b)$ (26)
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2 (21) LIghthill 7(a)
$e^{\mu x}\sim O(1)$
Howe
$\rho_{0}div(\omega\cross v)=-\rho 0\nabla^{2}\frac{1}{2}v^{2}+\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}$ (27)
$\nabla^{2}v^{2}$
$\nabla^{2}v^{2}$
$=$ $\frac{\partial^{2}v_{x}^{2}}{\partial\dot{x}^{2}}+\frac{\partial^{2}v_{x}^{2}}{\partial y^{2}}+\frac{\partial^{2}v_{y}^{2}}{\partial x^{2}}+\frac{\partial^{2}v_{y}^{2}}{\partial y^{2}}$
$=$ $2( \frac{\partial v_{x}}{\partial x})^{2}+2v_{x}\frac{\partial^{2}v_{x}}{\partial x^{2}}+2(\frac{\partial v_{x}}{\partial y})^{2}+2v_{x}\frac{\partial^{2}v_{x}}{\partial y^{2}}$
$+2( \frac{\partial v_{y}}{\partial x})^{2}+2v_{y}\frac{\partial^{2}v_{y}}{\partial x^{2}}+2(\frac{\partial v_{y}}{\partial y})^{2}+2v_{y}\frac{\partial^{2}v_{y}}{\partial y^{2}}$
$\sim$ $O(V_{0}^{2}/b^{2})$ (28)
$\omega$ Brown (1) $V_{0}$
$V_{0}=10m/s$ $v_{0}=0$ .lm$/s$ $b=5mm$ Lighthill $\rho 0^{\nabla^{2}v^{2}}/2$
















$v_{x}$ $=$ $U \frac{\sinh(2\pi y/a)}{\cosh(2\pi y/a)-q\cos(2\pi x/a)}$ (29)











$\{\begin{array}{l}0\mathfrak{U}\infty 1\infty l0m\mathscr{F}\end{array}$ $[_{m}^{1\mathfrak{U}}0\infty\infty|m$
1 45 $0$ $os$ 1 $-1$ 45 $0$ $os$ 1
(c) $K$ (d) $x$
12: Stuart (a) (b)Lighthill (c)Howe $(d)\rho 0\nabla^{2}v^{2}/2$
$yarrow\pm\infty$ $\pm U$ $a$ $q(0<q\leq 1)$
Lighthill
$\frac{\partial^{2}T_{ij}}{\partial x_{\dot{*}}\partial x_{j}}$ $=$ 2 $( \frac{\partial v_{y}}{\partial x}\frac{\partial v_{x}}{\partial y}-\frac{\partial v_{x}}{\partial x}\frac{\partial v_{y}}{\partial y})$
$=$ $2 \rho\circ U^{2}(\frac{2\pi}{a})^{2}\frac{q^{2}\cosh(2\pi y/a)-q\cos(2\pi x/a)}{(\cosh(2\pi y/a)-q\cos(2\pi x/a))^{3}}$ (31)
$x=y=0$
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}|_{x=0,y=0}=-U^{2}(\frac{2\pi}{a})^{2}\frac{q}{(1-q)^{2}}<0$ (32)
Howe
$div(\omega\cross v)=-\rho 0\nabla^{2}\frac{v^{2}}{2}+\frac{\partial^{2}T_{\dot{*}j}}{\partial x_{\dot{*}}\partial x_{j}}$ (33)
$div(\omega xv)|_{x=0,y=0}=-U^{2}(\frac{2\pi}{a})^{2}\frac{1+q+q^{2}}{(1-q)^{2}}<0$ (34)
$(0<q\leq 1)$ Howe Lighthill
















Howe $\rho_{0}\nabla^{2}v^{2}/2$ $\rho_{0}\nabla^{2}v^{2}/2$ Howe
$\rho_{0}\nabla^{2}v^{2}/2$
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